registries from the Institute of Psychiatry and Aberdeen University. This is a volunteer sample recruited by successive media campaigns without selecting for particular diseases or traits. All twins receive a series of detailed disease and environmental questionnaires. The majority of twins have been assessed in detail clinically at several time points for several hundred phenotypes related to common diseases or intermediate traits. The focus to date has been primarily in 5 areas -cardiovascular, metabolic, musculoskeletal, ophthalmologic diseases as well as the aging process. Over 3000 DZ twins have had a 10cM genome-wide scan performed and 5000 twins tagged for over 200 candidate genes allowing both linkage and association studies. The resource has led to many successful and innovative research projects particularly in common age-related diseases, and has led to collaborations with over 80 groups worldwide.
The UK Adult Twin Registry is a cohort of volunteer adult twins that has evolved rapidly since its inception 15 years ago. Originally, several hundred adult female twins were recruited by media campaign to allow investigation of osteoporosis and osteoarthritis, conditions with higher prevalence in women. The success of these early studies, and the realisation that many traits hitherto considered environmental in aetiology could be investigated, led to expansion of the collection and the inclusion of males. The registry now incorporates twins from the Aberdeen Twin registry and Institute of Psychiatry Adult Registry. The cohort is one of the most highly and deeply phenotyped in the world, and is being enriched by comprehensive genotyping. A description of the scope of the phenotypic collection and the numbers of different samples available and the major research findings is given below.
The Collection
The twin database now includes over 10,000 twins with an average age of around 45 years and predominantly female and same-sex, because the diseases we initially focused on were more common in women than in men. The ratio of monozygotic (MZ) to dizygotic (DZ) twins is approximately 50:50 and the volunteers come from throughout the United Kingdom and Ireland following multiple media campaigns for twins to help with research. The majority of twins have been seen clinically in the unit where clinical tests are performed and blood, urine, DNA and -in a subset -adipose tissue are collected and stored at -80 ºC. Approximately one third of twins have had multiple visits to the unit. The subjects are not paid but are compensated for their travel and accommodation expenses. Zygosity is ascertained using the standard 'Peas in the Pod' questionnaire and where there is uncertainty, zygosity is checked by genotyping. The average clinic visit lasts between 5 and 6 hours. This twin population has been compared for a number of diseases, traits and environmental factors and found to be no different to the UK population or a singleton population cohort from North-East London (Andrew et al., 2001) . Full ethical approval has been given for academic and commercial use and consent forms are updated annually and resigned on every visit.
Staff and Facilities
The unit is situated in the heart of London opposite Big Ben and is nearly exclusively charitable and EU grant-funded with around 40 staff, of whom nine deal with statistical analysis. There is a laboratory that processes and stores over 150,000 biological samples, performs quality control and standardizes concentrations on them with Picogreen. The unit also sends samples to collaborators around the world. We have a (VPN) server that is linked to a common European Twin database. The unit produces regular newsletters for the twins and maintains a website www.twinsUK.ac.uk. The number of twins withdrawing from the cohort averages 175 per year. We replenish the cohort with new twins to maintain the cohort total at around 10,000. Many of the twins have taken part in different studies over the last 10 years. Response rates to questionnaires exceed 75% and a recent survey of participants attending
899
Twin Research and Human Genetics Volume 9 Number 6 pp. 
Biological Samples
Biological samples form one of the most important sets of phenotypes we collect. These have become increasingly important with the focus towards studying the genetic epidemiology of metabolic and cardiovascular diseases. All the twins who have attended have at least 80 ml of blood collected and we store serum, plasma, urine, extracted DNA, and white blood cells suitable for generating cell-lines. This is because despite using considerable quantities of biological material for studies thus far, extensive efforts are made to replenish the specimen banks (Table 1) . Serum, urine, plasma EDTA, and plasma Li heparin samples are stored at -45º C at the Twin Research Unit. Back-up samples are stored under similar conditions at St George's Hospital, London in case of natural disasters. DNA samples and white blood cell RNA and adipose cell RNA (extracted from fat biopsies) are available for selected samples and are stored at -20 ºC. Again, back-up samples are saved elsewhere. DNA samples are available not only for individual twins, but family members, in some cases (Table 1) , to enable more extensive family studies. In addition, many of the twin DNA samples have been taken at multiple time points. This has been of benefit in several ways. Firstly, it has ensured a plentiful source of DNA both for studies conducted within the Twin Research Unit and for use by our collaborators. Secondly, as the understanding of the nature of DNA and chromosomes has advanced, it has been extremely useful to have multiple time-point DNA, for example, for telomere length analysis or changes in DNA methylation. A collection of biological material of this size requires considerable housekeeping, maintenance and upkeep; to this end, all laboratory staff are trained in freezer care, freezers are regularly serviced in line with the manufacturers' guidelines, all the freezers are connected to alarm systems in case of temperature failure, and alarms automatically notify laboratory staff at home by phone out of hours.
In addition, we have stored frozen peripheral blood lymphocytes (PBL) at the European Collection of Cell Cultures (ECACC) facility in Porton Down since 2004. These PBLs can be EBV-immortalized at any stage to produce a perpetual source of the donor's DNA. By the end of 2007 this should include most of the 10,000 twins. We currently have 377 transformed cell lines frozen down for immediate use. Collaborations are encouraged and these cell lines are available for use by other groups -see our website for details on how to contact ECACC. In addition, expression data on osteoblasts from six twins is available for collaborator use.
Conventional Phenotypes
We believe our collection to be one of the most comprehensively phenotyped volunteer samples in the world. It comprises over 1000 clinical phenotypes, ranging from simple demographic data, to detailed hormone profiles (e.g., leptin, homocysteine) and body composition scans. The full list is on our website and Table 2 gives the numbers of these phenotypes, including questionnaire and biological samples above, by medical specialty. Frozen PBL pellets 6000
Total number of samples 134,000
Novel Molecular Phenotypes
Over the last year we have conducted a number of preliminary studies exploring the use of innovative techniques and extending the range of studies in which twins can play a powerful role as part of the EU Molpage consortium. These include comparing twins for differences in gene expression, proteomics, peptidomics, and metabonomics.
Aims
The overall objectives of the unit are: (1) to estimate heritabilities for common diseases and traits in adults, (2) discover genes that influence these traits using linkage and association, (3) provide a framework for epidemiologic studies using the twin design, (4) develop statistical methodology to facilitate these aims, and (5) collaborate with other groups and promote the wide use of the data.
Major Research Findings to Date
The following groupings are examples of major research findings using the twin registry, but are not intended as an exhaustive list.
Osteoporosis
• the following risk factors for osteoporotic fracture are strongly and independently genetic: bone density, bone quality (BUA), hip axis length, vitamin D levels, bone turnover markers, muscle strength (Arden et al., 1996) • vitamin D receptor, TGF Beta, Klotho, PDE4 genotypes are associated with bone density (Keen et al., 1997) • skeletal size is associated with birthweight in discordant twins (Antoniades et al., 2003) • quantitative trait loci (QTLs) isolated for bone mineral density (BMD), bone quality and bone turnover (Wilson et al., 2003) • gene expression differences in osteoblasts of discordant MZ twins .
Osteoarthritis/Spine
• osteoarthritis of knee, hand and hip, spine all strongly heritable • some overlapping shared genes with osteoporosis (Antoniades et al., 2000)
• lumbar disc disease heritable, as is low back pain (Sambrook et al., 1999) • multiple candidate genes replicated with knee disease (Valdes et al., 2006) • obesity and osteoarthritis genes are not shared (Manek et al., 2003) • replicated QTL found for hand osteoarthritis (Livshits et al., in press ).
Metabolic Syndrome
• central fat deposition and body shape is genetic (Samaras et al., 1997) • HRT and cigarette use reduces central fat and total body fat (Samaras et al., 1998) • leptin is correlated genetically with adiposity and body size (Chen et al., 2005) • HbA1C levels reflect genetic susceptibility more than consequence of disease ) 
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• QTLs detected for total and central obesity (Wilson et al., 2006) .
Cardiovascular disease
• QT and PR interval, pulse rate, BP and arterial resistance all show genetic influence • blood pressure in adults related to birthweight (Poulter et al., 1999 (Williams et al., 2004) .
Skin Disease and Atopy
• freckles and naevi strongly heritable with little environmental influence (Bataille et al., 2000) • acne strongly genetic (Bataille et al., 2002) • eczema and hayfever heritable with some shared genes (Strachan et al., 2001) • replication of QTLs for naevus counts (Falchi et al., 2006) .
Eye Disease
• myopia and presbyopia, cataract, squint, early macular degeneration and pupil dilation all strongly heritable (Hammond et al., 2000) • QTLs and candidate genes discovered for myopia and cataract (Hammond et al., 2004) .
Immune and Haemopoetic System
• levels of white and red cells and platelets heritable (Hall et al., 2000) • levels of circulating hemoglobin F heritable and related to specific polymorphisms (Garner et • pitch recognition is strongly genetic (Drayna et al., 2001) • timing of menarche and menopause strongly genetic but not related (Snieder et al., 1998 (Valdes et al., 2005) .
We have confirmed the effectiveness of the twin study design in our own cohort by being able to explore both linkage and association for a number of traits, including myopia, obesity, memory, bone density and lipid levels.
The Co-Twin Case-Control Design
Phenotypic differences between MZ twins are accounted for mainly by environmental differences as well as epigenetic factors. Carrying out case-control studies in MZ twins that are either discordant for environmental exposures or phenotypic traits, provides a naturally matched case-control study design in which pairs are matched for their age, sex, nurture as well as their genetic background. Over the past 12 years we have collected a large range of environmental exposures in our twins (including smoking, alcohol, diet, exercise, drug use, education, employment, social class, and so on). These can be used to study (a) environmental exposures, (b) pharmacological intervention and (c) disease mechanisms. 
(c) Examples into disease mechanisms include:
• The mechanism of X-chromosome inactivation is poorly understood but involves methylation. We found the skewness of granulocyte X inactivation
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Tim D. Spector and Frances M. K. Williams had a heritable component of 68%, a few MZ pairs displayed opposite skewing patterns suggesting stochastic mechanisms in operation.
• Differential transmission of mitochondrial DNA in MZ twins allows specific mitochondrial gene mutations to be studied and studying mutation rates in our MZ twins provided an approach to dating evolutionary change.
• Functional MRI studies of the brain in discordant handed MZ twin pairs have implicated important developmental areas.
• Studies of gene expression in MZ twins provide an efficient approach for identifying the specific genes that are expressed in diseased individuals. Using bone biopsies we studied osteoblast expression differences between members of osteoporosis discordant MZ pairs. This provided a cluster of candidate genes.
• Subtle epigenetic methylation changes and differences -not present at birth -can be detected in pairs of elderly MZ twins (Fraga et al., 2005) . We found these changes increased with environmental diversity and were seen in fat as well as muscle and white blood cell DNA. Once true functional genes are discovered MZ twin studies can potentially be used to give information on the penetrance of risk genes, although we don't yet have firm examples.
• Theories about fetal programming influencing subsequent adult susceptibility to disease can be tested in twins. This design controls for important maternal influences such as smoking and social class. We have used this approach to show a small but significant association between birthweight and adult blood pressure and between birthweight and adult bone mass.
Examples of Current Large-Scale Clinical Project Twin Grants
1. an FGI biobank collecting DNA, serum and urine from all 10,000 twins on the database to establish a national biological resource (Wellcome Trust) 2. a core program grant to maintain the Twin biobank and facilitate collaborations (Wellcome Trust) 3. a trial in twins of nutrients to prevent macular degeneration (Wellcome Trust) 4. a linkage study of QTLs for myopia (Wellcome)
5. a study examining bone loss and arterial calcification in twins (British Heart Foundation)
6. an ARC funded study looking at the genetics of pain perception in twins 7. a BBSRC grant looking at genes for height and weight and skeletal ratios using and developing new haplotype tagging methods 8. an EC Framework VI study (EuroClot -as coordinating centre) to identify the major genes involved in end-stage clotting using twin cohorts from countries across Europe.
9. an EC Framework VI study (MolPAGE-as participant) supplying most of the clinical material for the study of molecular phenotypes for obesity and Type 2 diabetes.
10. an EU Framework V (GenomEUtwin //www. genomeutwin.helsinki.fi/) project linking eight European twin registries and aiming to identify genes for stature, weight, migraine and heart disease.
Future Work and Genotype Information
• focus on age-related traits and diseases and longitudinal changes of these traits and diseases
• genome-wide association scan of 317,000 single nucleotide polymorphisms (SNP) markers (Illumina 300 Hapchip) will be performed on 2000 twins by the Sanger Centre commencing in October 2006
• aim to perform more linkage scans and extend the marker set to 2000 pairs
• we will perform a combination of linkage and association studies to narrow down the loci of interest and use disequilibrium mapping to pin down the key genes
• further gene expression work planned using other tissues, blood, skin and fat
• we have worked with a large number of different collaborators in the past and we are keen to encourage further and future collaborations particularly in areas where we can gain from additional clinical or technical expertise or where groups can add phenotypic or genotypic information. 1920 -1930 : 144 FF 20 MM 1930 -1940 : 670 FF 79 MM 1940 -1950 : 1074 FF 115 MM 1950 -1960 : 937 FF 193 MM 1960 -1970 : 743 FF 193 MM 1970 -1980 : 510 FF 157 MM 1980 
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